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A I S T R  A C T  

A p rec i s ion  n i cke l  r e s i s t a n c e  thermometer l oca t ed  
outboard on t h e  Ear ly  Apollo Science Experiments Package re- 
turned good temperature d a t a  from t h e  Apollo 11 luna r  landing 
s i t e  (Tranqu i l i t y  Base) f o r  one and a h a l f  lunar  days before  
t h e  Package ceased operat ion.  The thermometer su r face  w a s  
v e r t i c a l ,  faced no r th ,  and w a s  20cm above the  lunar  su r face  
of which it viewed an a rea  of about 1 square m e t e r .  The r e s u l t  
of a d e t a i l e d  270-node thermal a n a l y s i s  of these data i s  a 
curve of lunar  su r face  b r igh tness  temperature f o r  sun e l e v a t i o n  
angles between 20 and 165 degrees with a skandard error of +4 
ke lv ins  a t  l una r  noon. The r e s u l t s  are adequately represenEed 
by 1 (1-P 1 S ( s i n $ )  /a1 where the su r face  r e f l e c t a n c e  p = 0 . 0 7 6 ,  
as repor ted  by return-sample a n a l y s i s ,  and S i s  t h e  s o l a r  con- 
s t a n t ,  (5 i s  t h e  Stefan-Boltzmann cons tan t  and $I i s  t h e  sun 
e leva t ion .  The r e s u l t s  a r e  a l s o  c o n s i s t e n t  with t h e  homogeneous 
moon model of Jaeger  w i t h  a thermal parameter y above 500cm - 
sec 1/2-kelvin/g-cal. 
day reproduce those of t h e  f i r s t  day wi th in  t h e  d i g i t i z i n g  e r r o r  
of 1 .6  ke lv ins  - so t h a t  less than 3%/month d u s t  acc re t ion  on 
.me thermometer su r face  i s  c o n s i s t e n t  w i t h  these r e s u l t s .  'Yne 
p r e - f l i g h t  the rma l  d a t a  ( a , € )  w e r e  used i n  t he  a n a l y s i s ,  t h e  
r e s u l t s  of which w e r e  n o t  a f f e c t e d  by adding up t o  7% ( t h e o r e t i c a l )  
d u s t  t o  t h e  thermometer sur face .  This i s  c o n s i s t e n t  w i t h  n e g l i g i b l e  
accumulation of d u s t  on t h e  thermometer during Lunar Module a scen t ,  
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TECHNICAL MEMOFGANDUM 

I, In t roduct ion  

The Early Apollo Science Experiments Package (EASEP) 
w a s  emplaced on t h e  luna r  su r face  by an Apollo 11 as t ronau t  
during t h e  f irst  luna r  landing i n  Mare T r a n q u i l i t a t i s .  EASEP 
was a solar-powered, condensed vers ion  of t h e  s tandard nuclear- 
powered Apollo Lunar Surface Experiments Package (ALSEP),  t o  
be deployed as a multi-experiment observatory a t  each luna r  
landing s i te .  I n  add i t ion  t o  a s c i e n t i f i c  experiment, a seis- 
mometer, EASEP conta ins  an engineer ing experiment (Dust, Thermal, 
and Radiation Engineering Measurement, DTREM I)  cons i s t ing  of a 
set  of s i x  sensors  t o  measure t h e  lunar  environment. 

One of t h e  sensors ,  a p rec i s ion  n i c k e l  r e s i s t a n c e  
thermometer of w i d e  dynamic range, i s  mounted v e r t i c a l l y  and 
i s  fac ing  outboard of EASEP so t h a t  a good view of t h e  lunar  
surface i s  obtained. Analysis of t h e  n i c k e l  thermometer d a t a  
obtained during t h e  luna r  daytime y i e l d s  an averaqe b r iqh tness  
temperature of t h e  luna r  su r face  area viewed. Apollo 1 4  and 15 
ALSEPss w i l l  c a r ry  an improved vers ion ,  designated DTREM 11, 
which w i l l  y i e l d  luna r  night t ime temperatures a s  w e l l .  DTREM 
I1 w i l l  have an unobstructed view of t h e  luna r  su r face  and 
car ry  an e x t r a  thermometer t o  measure t h e  heat leaks  from t h e  
br ightness  thermometer. 

In  h i s  r ecen t  review a r t i c l e  on t h e  i n f r a r e d  moon 
R. W. S h o r t h i l l  (Reference 1) comments t h a t  d a t a  on t h e  n ight -  
t i m e  temperature of t h e  moon i s  incomplete,  s i n c e  such d a t a  
i s  d i f f i c u l t  t o  ob ta in  from ea r th .  T h e  Surveyor spacec ra f t  
w e r e  equipped w i t h  batteries as w e l l  as s o l a r  panels ,  bu t  only 
l i m i t e d  i n - s i t u  thermal d a t a  w e r e  obtained af ter  sunset .  T h e  
Apollo DTmM measurements w e r e  conceived a s  a s p a t i a l  exten- 
s ion  of t h e  Surveyor r e s u l t s  t o  o t h e r  landing sites, from which 
ground-truth i n  t h e  f o r m  of r e t u r n  rock samples would be a v a i l -  
ab l e ,  and as a temporal extension t o  night t ime phase angles  
over many complete luna t ions ,  The Apollo program permit ted 
some a t t e n t i o n  t o  thermometer e r ro r s :  t h e r e f o r e ,  t h e  experiment 
design provides i n s u l a t i o n  no t  a v a i l a b l e  t o  t h e  Surveyor experi-  
mentors, and an inc rease  i n  b r igh tness  temperature accuracy i s  
expected. 

11- Sketch of the  Experiment 

Figures 1 and 2 a r e  sketches oE t h e  DTREM I pack- 
age i n d i c a t i n g  t h e  thermal i s o l a t i o n  and thermal f i n i s h  of 
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t h e  thermometer. Ficrure 3 shm7s t h e  DTE.EM I l o c a t i o n  on EASEP, 
and Figure 6 i s  a p l o t  of a l l  t h e  o f f i c i a l  da ta .  

The luna r  su r face  b r igh tness  temperature i s  found 
from t h e  n i c k e l  thermometer energy-rate balance,  i .e. ,  t h e  
n e t  r a t e  of energy f l o w  out  of t h e  d e t e c t o r  i s  equal t o  t h e  
n e t  rate. of energy flow i n t o  t h e  de t ec to r .  
equation i n  the  form: 

W e  w r i t e  t h i s  

where E i s  t h e  emis s iv i ty ,  u i s  t h e  Stefan-Boltzmann cons tan t ,  
T i s  t h e  absolu te  temperature,  F t h e  geometric view f a c t o r ,  N i  
s tands  f o r  n i c k e l  r e s i s t a n c e  thermometer, S s tands  f o r  lunar  
su r face ,  and a/%i i s  t h e  n e t  a l g e b r a i c  - sum, divided by t h e  
thermometer a rea ,  of a l l  heat l eaks  and h e a t  inputs  t o  t h e  
thermometer and of t h e  rate of i n t e r n a l  energy s torage  i n  t h e  
thermometer. The l a t t e r  i s ,  however, n e g l i g i b l e  and a s teady 
s t a t e  a n a l y s i s  w a s  c a r r i e d  out .  
i s  def ined , by r e c i p r o c i t y  , as (As/%i) FsNi where FsNi is  biz 
f r a c t i o n  of t he  r a d i a n t  energy emanating from f i n i t e  su r face  
a rea  AS which i s  in t e rcep ted  by another f i n i t e  su r f ace  RNi. 
h e a t  l eaks  and heat inpu t s  t o  t h e  thermometer include reflec- 
t i o n s  and emissions f r o m  a l l  nearby su r faces  of t h e  EASEP 
spacec ra f t ,  and conduction from t h e  DTREM housing t o  t h e  n i c k e l  
thermometer. T h e  geometric view f a c t o r s  of the  thermometer t o  
t h e  var ious sur faces  are l i s ted  i n  Table I.  

measured and t h e  terms of 4/ANi are measured o r  can be ca l -  
cu ia t ed  from other EASEP s p a c e c r a f t  housekeeping temperatures,  
t h e  lunar  su r face  b r igh tness  temperature,  def ined a s  TS f o r  

and 4 adjus ted  t o  t h e  sun angle.  

T h e  geometric view f a c t o r  FNis 

T h e  

Since TNi i s  

= 1, i s  found a t  each sun angle from Equation(1) w i t h  FNis €S 

The EASEP geometry i s  f a i r l y  complex, bu t  c a r e f u l  
thermal  a n a l y s i s  and d e t a i l e d  c a l c u l a t i o n  of t h e  appropr ia te  
co r rec t ions  y i e l d ,  i n  p r inc ip l e :  

1. an average equiva len t  b r igh tness  temperature of 
t h e  unshadowed luna r  su r face  viewed, 

2 .  an equiva len t  range of t h e  su r face  thermal 
parameter (kpc )  where k i s  the  thermal 
conduct iv i ty ,  p i s  t h e  m a s s  dens i ty  and c i s  
t h e  heat capac i ty  of t he  luna r  su r face  l a y e r ,  
and 

3 .  t h e  angular  dependence of t h e  luna r  surface thermal  
emission. 
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Resul ts  of t h i s  type were repor ted  previously by J. w, 
Lucas e t  a1 (Reference 2 )  f o r  a l l  landed Surveyor spacec ra f t .  

Moreover, comparison of d a t a  from successive months 
may y i e l d  t h e  degradat ion rates of the thermal  coat ings used 
o r  viewed. Note however t h a t  t h e  EASEP thermometer i s  mounted 
v e r t i c a l l y ,  f ac ing  nor th ,  so t h a t  d i r e c t  sun viewing i s  avoid- 
ed and coa t ing  degradation i s  expected t o  be s m a l l .  Also, t h e  
t h i r d  ob jec t ive  above w a s  n o t  m e t ,  i . e .  , t h e  angular dependence 
of t h e  luna r  su r face  thermal emission could n o t  be determined 
from t h e  EASEP because t h e  thermometer f aces  nor th ,  
normal t o  the  sun-to-surface d i r e c t i o n ,  t h e  very d i r e c t i o n  
which i n  previous measurements has been shown t o  be t h e  impor- 
t a n t  one (Reference 3 ) .  The f u t u r e  ALSEP d a t a  should y i e l d  
more complete r e s u l t s .  

111. Descript ion of t he  Instrument 

The thermometer used i n  t h e  experiment i s  g n i c k e l  
w i r e  r e s i s t o r  made by t h e  Tylan Corporation. The r e s i s t o r ,  
which has a nominal 5 5 0 0  ohm resistance a t  t h e  ice po in t ,  i s  
connected t o  ground and a l s o  through a 1 5 0 0 0  ohm temperature- 
i n s e n s i t i v e  p rec i s ion  dropping r e s i s t o r  t o  t h e  +12 v o l t  +1% 
regula ted  EASEP power l i n e ,  as seen i n  Figure 8.  
eter vol tage  drop i s  f ed  t o  t h e  EASEP 8-b i t  analogue-to-digi ta l  
converter  and i s  measured once every 54 seconds. The vol tage  
of t h e  +12 v o l t  supply i s  measured 4 seconds before  each t e m -  
pe ra tu re  i s  measured and so in t roduces  only a s m a l l  (<1/4%) 
measurement e r r o r .  The thermometer has a dynamic range of 
8 4 K  (-308'F) t o  408K (274'F)  and t h e  AT corresponding t o  
1 / 2  b i t  i s  almost cons tan t  a t  0 . 8  ke lv ins  o v e r , t h i s  e n t i r e  
range. According t o  t h e  manufacturer,  t h e  c a l i b r a t i o n  of t h e  
thermometer t o  an absolu te  temperature s c a l e  i s  accu ra t e  t o  
a t  least  0.8 ke lv ins  over t h e  e n t i r e  range s i n c e  three C a l i -  
b r a t i o n  p o i n t s ,  t h e  steam p o i n t ,  t h e  ice p o i n t  and t h e  carbon 
dioxide p o i n t  are t aken  f o r  each sensor.  T h e  thermometer and 
i t s  c i r c u i t  have good s t a b i l i t y  characteristics and d r i f t  less 
than 0 . 1  kelvins/year .  

The t h e r m o m -  

For proper understanding of the  thermal  a n a l y s i s  a 
d e t a i l e d  d e s c r i p t i o n  of t h e  instrument  conf igura t ion  i s  necessary.  
Figure 7 i s  an exploded view of t h e  thermometer showing i t s  
laminated cons t ruc t ion  and i n t e r n a l  r a d i a t i o n  s h i e l d s ;  when 
bonded toge the r  t h e  sandwich i s  0.9mm t h i c k .  The DTREM pack- 
age,  shown p i c t o r i a l l y  i n  Figure 1 and i n  exploded view i n  
Figure 2 ,  i s  a cube of G-10 f i b e r g l a s s ,  36x32x41mm, w i t h  w a l l s  
2.3mm t h i c k .  The top  of t h e  package i s  covered by a kovar shee t  
t o  which three 1Ox20mm s o l a r  cells  are a t tached  f o r  t h e  dus t  and 
r a d i a t i o n  measurements, conducted by D r .  S. Freden of the  Man- 
ned Spacecraf t  Center and D r ,  Be O'Brien of the Universi ty  of 
Sydney (Reference 4 ) ,  This kovar s h e e t  has two the rmis to r s  
a t tached  underneath,  which are on scale only above 305 K, The 
s o l a r  c e l l  outputs  are used i n  t h e  thermal ana lys i s  t o  g ive  t h e  
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i n s o l a t i o n  d i r e c t l y ,  s i n c e  p a r t s  of t h e  EASEP s p a c e c r a f t  shadow 
t h e  DTREM package a s  seen i n  Figure 6 .  The north f ace  of t h e  
DTREM package i s  covered by t h e  n i cke l  thermometer bu t  sep- 
a r a t e d  from it by 20 l a y e r s  of s u p e r i n s u l t i o n  (about 2mm t h i c k ) ,  
which a r e  p ie rced  by a p a i r  of thermal i s o l a t o r  s t andof f s  
and nylon b o l t s .  The DTREM i s  he ld  by 2 b o l t s  t o  an  i n s u l a t i n g  
f i x t u r e  a t tached  t o  t h e  EASEP primary s t r u c t u r e .  

Figures  3 ,  4 ,  and 5 show t h e  deployed conf igura t ion  of 
EASEP, almost due south of t h e  landed Lunar Module and 1 8  meters 
from it (Reference 5 ) .  !rhe deployed EASEP i s  l e v e l  ( f l / 2 " ) ,  f ac in?  
a s l i g h t ,  4 degree,  s lope  inclined&uPward toward the I m n a r  ~ n d 1 1 1 e  
The l a s e r  experiment-array i s  4 meters d i s t a n t  t o  t h e  northwest.  

I V .  Descr ipt ion of t h e  Data Analysis 

A s  i nd ica t ed  i n  Sec t ion  11, above, t h e  n i cke l  thermom- 
eter temperatures a r e  reduced t o  luna r  s u r f a c e  br ightness  t e m -  
pe ra tu re s  once t h e  power inpu t s  t o  t h e  thermometer from a l l  
sources o t h e r  than  t h e  lunar  s u r f a c e  a r e  ca l cu la t ed  and added 
a lgeb ra i ca l ly .  The c a l c u l a t i o n  of t hese  inpu t s  r equ i r e s  a 
knowledge of t h e  lunar  su r face  temperature,  and so  an i t e r a t i v e  
technique must be used. Also, t h e  i n s u l a t i n g  q u a l i t i e s  of t h e  
DTREM package and of t h e  thermometer laminates r equ i r e  a 
multinode a n a l y s i s  t o  d e a l  with t h e  l a r g e  thermal g rad ien t s .  
The high luna r  vacuum ensures t h a t  t h e  h e a t  t r a n s f e r  i s  dominated 
by t h e  thermal r a d i a t i o n .  

The method used is  a s  follows: The geometric view 
f a c t o r s  f r o m  t h e  thermometer t o  var ious  p a r t s  of EASEP w e r e  
ca l cu la t ed  by t h e  s tandard computer program CONFAC (Reference 6 )  
and a r e  l i s t e d  i n  Table I; these  requi red  only knowledge of 
t h e  EASEP geometry. From t h e  EASEP geometry and o r i e n t a t i o n  
t h e  dimensions of i t s  shadow on t h e  lunar  su r face  w e r e  obtained,  
hence t h e  geometric view f a c t o r  from t h e  thermometer t o  t h e  
s u n l i t  l una r  su r face ,  FNiS, f o r  each sun e l eva t ion ,  a s  given 
i n  Figure 9 w a s  ca lcu la ted .  The DTFU3M package was t h e n  divided 
i n t o  270 thermal nodes f o r  s teady s t a t e  ana lys i s  and t h e  thermal 
ana lys i s  computer preprocessor Chrysler  Improved Numerical D i f -  
f e r e n t i a l  Analyzer (CINDA, Reference 7) and i t s  subrout ines  
w e r e  used t o  w r i t e  a FORTRAN computer program t h a t  so lves  t h e  
thermal network, t h a t  i s ,  c a l c u l a t e s  t h e  equi l ibr ium temperature 
of every node. For each sun e l e v a t i o n  t h e  FORTRAN program i s  
given 8 EASEP temperatures,  inc luding  t h e  n i cke l  thermometer 
temperature,  and t h e  geometric view f a c t o r s .  A lunar  s u r f a c e  
temperature is  assumed, and each side of Equation (1) i s  
ca l cu la t ed  using t h e  i t e r a t i v e  subrout ine  CINDSM. I f  t he  
ca l cu la t ed  values  on e i t h e r  side of Equation (1) do no t  agree 
wi th in  acceptable  l i m i t s ,  a new luna r  su r face  temperature i s  
assumed and t h e  CINDSM ana lys i s  i s  repeated.  This i t e r a t i o n  i s  
continued u n t i l  an acceptab le  energy rate balance i s  obtained f o r  
t h e  n i cke l  thermometer w i t h  i t s  temperature f ixed  a t  t h e  measured 
value.  A s  i nd ica t ed ,  t h e  above i t e r a t i o n  i s  repeated for  s e l e c t e d  
values  of sun e l eva t ion  angle.  
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The EASEP temperatures used as input to the analysis 
were from thermometers on the east, west, and bottom of the 
EASEP primary structure (the 1.2mm thick aluminum box in contact 
with the lunar surface), on the east and west solar panels, on 
the northeast and northwest of the central station thermal plate, 
on the DTREM kovar sheet (when on scale), and the DTREM nickel 
thermometer (see Figures 2 and 3 ) .  The temperature of the dark 
lunar surface was taken as 200 K. Since a value of 0.076 for 
the lunar surface reflectance p was measured on an Apollo 11 
soil sample (Reference 8), the initial value of the (iterated) 

where S is the solar constant and $ the sun elevation. 
lunar surface temperature was taken to be [ ( l - p )  S(sin$)/a] 1/4 

The heat rate balance for the nickel thermometer coil of 
wire then included: radiation from the black sky, the sunlit 
lunar surface, the dark lunar surface, the west side of the 
bracket, the back of the bracket, the boom, astronaut handle and 
carry handle, the east solar panel, the west solar panel, and both 
parts of the rock;* a conduction contribution from 8 nodes on the 
laminated part of the thermometer and Joule heating; and direct 
solar input to the thermometer due to the specific sun-DTREM geometry 
and sunlight reflection from the lunar surface, the bracket, and 
the back of the solar panels. The calculation of inter-node con- 
ductances and the heat rate input to each node was not unusual: the con- 
stants used in the analysis are given in Table 11. Of interest may 
be the fact, mentioned above, that calibrated solar cell outputs 
were available as measured insolation on the DTREM package so that 
calculation of EASEP shadow dimensions on the DTREM structure was 
unnecessary. The algebraic sum of these heat rates should be zero 
and iteration was continued until the sum was less than 1/2% of 
the lunar surface input. These heat rates, grouped into nine 
independent partial sums, divided by the heat rate from the sunlit 
lunar surface, are plotted in Figure 10. 

Referring to Figure 10 we see that, aside from the black 
sky, the largest correction to the data is from the EASEP bracket, 
typically 30% but rising to 120% at low sun elevation. In estimating 
the lunar surface temperature error we assume that the calculated 
corrections of Figure 10 are independent and are accurate to a 10% 
relative 1 sigma error. Then, since the relative temperature error 
is 1/4 of the relative error in the radiated energy, we estimate 
the temperature error (1 sigma) to be +4 kelvins at 90° sun 
elevation and - +20 kelvins at 20' sun elevation. 

The calculated lunar surface brightness temperature is 
given in Figure 11 with the estimated error indicated. A 
curve of [ (1-p)S(sin+)/o11/4, the Lambert temperature** for 

*This is the split rock so evident in Figures 4 and 5. 
**The Lambert temperature is the temperature a perfectly insulating 
Lambert surface with unit emissivity would come to if it absorbed 
the same amount of radiation as the surface under consideration." 
(Reference 1). 
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As an i l l u s t r a t i o n  of the c a l c u l a t e d  temperatures w e  
no te  t h a t  a t  a sun e l e v a t i o n  of 20° t h e  sun i s  a t  70' inc idence  
t o  t h e  east  face of t h e  DTREM package, whi le  t h e  solar  cel l  
the rmis to r s  on top  are n o t  y e t  on scale and t h e  w e s t  face i s F  
of courseF completely i n  shadow. A t  t h i s  sun e l e v a t i o n  t h e  
n i c k e l  temperature  i s  273 K ,  whi le  o t h e r  nodes on t h e  thermometer 
range from 1 0  ke lv ins  above t h i s  t o  0 . 3  ke lv ins  below. The 
nor th  f a c e  of t h e  DTREM package i s  t y p i c a l l y  5 ke lv ins  h o t t e r ,  
t h e  east  face 1 9  k e l v i n s  h o t t e r  ( t h e  range i s  1 0  t o  60 k e l v i n s )  
t h e  t o p  so la r  cel ls  4 5  ke lv ins  h o t t e r  and t h e  w e s t  f a c e  about 
20 ke lv ins  co lder .  These numbers i l l u s t r a t e  t h e  advantage of 
an a d d i t i o n a l  thermometer t o  measure t h e  conductive l eak  from 
t h e  n i c k e l  thermometer. 

V. Resu l t s  of t h e  Measurement 

The n i c k e l  thermometer data  from Apollo 11 i s  given 
i n  F igure  6 and t h e  luna r  s u r f a c e  b r igh tness  temperatures 
c a l c u l a t e d  from t h e s e  d a t a  are given i n  Figure 11 wi th  t h e  
es t imated  1 sigma errors. The Lambert temperatures f o r  a 
r e f l e c t a n c e  of 0 .076 ,  g iven i n  F igure  11, are seen t o  adequately 
r ep resen t  t h e  b r igh tness  temperatures.  Table I11 l is ts  
Lambert temperatures f o r  s e l e c t e d  va lues  of t h e  sun e l e v a t i o n  
as w e l l  as theoret ical  va lues  of luna r  s u r f a c e  temperatures 
c a l c u l a t e d  wi th  t h e  homogenous-moon model of J aege r  (Reference 91, 

f o r  va r ious  va lues  of thermal parantezer y = ( k p c ) -  Compar- 
i s o n  of F igure  11 and Table I11 sugges ts  t h a t  t h e  r e s u l t s  are 
adequately represented  by t h e  homogeneous model f o r  any va lue  
of y greater than 500cm 2 -sec 1'2-kelvin/g-cal. 
r e s u l t s  are usua l ly  h ighe r  than  5 0 0 ,  ranging up t o  about 
1000. Table I11 i nc ludes  a l so  a number of p r e d i c t e d  temperatures 
f o r  angles  after sundown (assuming no temperature  dependence 
of thermal conduct iv i ty  k o r  volumetr ic  hea t  capac i ty  p c ) ,  t o  
p o i n t  o u t  t h e  r e l a t ive  i n s e n s i t i v i t y  of t h e  daytime d a t a  t o  
y and t h e  d i s t i n c t  advantage of l u n a r  n i g h t  d a t a  f o r  d iscr im-  
i n a t i n g  between y values .  

The Surveyor 

F igure  9 shows depress ions  i n  t h e  thermometer-to- 
s u n l i t  s u r f a c e  geometric view factor  a t  l o w  sun angles .  These 
depressions are t h e  r e s u l t  of shadows of t h e  so la r  pane ls  on 
t h e  luna r  su r face .  Note t h a t ,  of t h e  t o t a l  va lue  of 0 . 3 8  f o r  
t h e  geometric view fac tor ,  f u l l y  7 4 %  i s  a t t r i b u t a b l e  t o  t h e  
luna r  s u r f a c e  between EASEP and t h e  end of t h e  s o l a r  pane ls ,  
an area of about 1 square  meter which i s  c l e a r l y  v i s i b l e  i n  
Figure 5,  and t o  a lesser degree i n  F igure  4 .  This s u r f a c e  
i s  seen t o  be reasonably f l a t  and free of boulders  and desres- 
s i o n s  although it has a number of foot- imprints .  

As mentioned i n  Sec t ion  11, comparison of n i c k e l  t e m -  
pe ra tu re s  f r o m  success ive  l u n a t i o n s  w a s  expected t o  bear on t h e  
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degradat ion of thermal f i n i s h e s  used o r  viewed, degradat ion 
due t o  u l t r a v i o l e t  damage t o  t h e  p a i n t  and/or d u s t  a c c r e t i o n  
on t h e  p a i n t .  W e  observe t h a t  t h e  a v a i l a b l e  d a t a  of t h e  second 
luna t ion  reproduces t h a t  of t h e  f i r s t  day w i t h i n  t h e  d i g i t i z i n g  
e r r o r  of 1 . 6  ke lv ins  and conclude t h e r e f o r e  t h a t  n e g l i g i b l e  
d u s t  a c c r e t i o n  dur ing  t h e  f i r s t  30 days of ope ra t ion  i s  con- 
s i s t e n t  wi th  t h e s e  observa t ions .  To q u a n t i f y  t h i s  r e s u l t  w e  
no te  t h a t  1 . 6  ke lv ins  corresponds t o  a 1 . 6 %  change i n  t h e  
luna r  s u r f a c e  i n p u t  t o  DTREM a t  l u n a r  noon, or equ iva len t ly ,  
corresponds t o  a 1 0 %  change i n  a b s o r p t i v i t y  o r  an a b s o l u t e  
change of 0 . 0 3 ,  p o s s i b l e  due t o  t h e  a d d i t i o n  of 3% d u s t .  A 
d u s t  a c c r e t i o n  rate lower than  3%/month i s  n o t  s u r p r i s i n g .  
Also, degradat ion of t h e  thermometer s u r f a c e  by u l t r a v i o l e t  
l i g h t  i s  n o t  expected a t  t h e  l o w  i r r a d i a t i o n  exposure of north-  
f ac ing  surdaces .  

The p r e - f l i g h t  thermal d a t a  ( a , € ) -  were used i n  t h e  a n a l y s i s ,  
t h e  r e s u l t s  of which were n o t  a f f e c t e d  by adding up t o  7% ( t h e o r e t i c a l )  
d u s t  t o  t h e  thermometer s u r f a c e ,  i . e . ,  our  r e s u l t s  are a l so  consi.- tsnt  
with n e g l i g i b l e  d u s t  accumulation on t h e  thermometer dur ing  Lunar 
Module ascent .  To q u a n t i f y  t h i s  r e s u l t  w e  assume t h a t  i f  t h e  
i n f e r r e d  l u n a r  temperatures  w e r e  a l l  h igh ,  which impl ies  a t  least  
a 1 sigma i n c r e a s e ,  w e  should a t t r i b u t e  t h i s  i n c r e a s e  t o  changes 
i n  our  p r e - f l i g h t  thermal  parameters. The 1 sigma o r  4 k e l v i n s  
i n c r e a s e  would correspond t o  7% d u s t  cover. These r e s u l t s  imply 
t h a t  t h e  n i c k e l  thermometer does n o t  have good r e s o l u t i o n  f o r  
d u s t  d e t e c t i o n ,  e i ther  for  abso lu te  determinat ion o r  f o r  d e t e c t i o n  
of shor t  t e r m  changes. 
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Geometric V i e w  Fac tors  from t h e  Nickel  
Thermometer t o  Various Surfaces  of EASEP* 

Surface Geometric V i e w  Fac 
lunar  s u r f  ace 0.387** 
black sky 
bracke t ,  ca r ry  handle  0.160 

boom, as t ronau t  handle 0 I 049  
w e s t  s o l a r  pane l  0.025 

(0.312) *** 

rock, east  p a r t  
rock, w e s t  p a r t  
LM descent  s t a g e  
l a s e r  experiment a r r ay  
e a s t  s o l a r  panel  

* 
See Figure  3 

r 

0.014 
0.025 
0.004 

0.012 
0.012 

** 
Includes shadowed and unshadowed luna r  sur face .  The 

s u n l i t  l una r  s u r f a c e  has ageometr ic  view f a c t o r ,  depending 
on sun angle  (see Figure  9 )  , between 0.099 and 0.387. The 
geometric view f a c t o r  t o  t h e  shadowed luna r  su r face  i s  0.387 
diminished by t h e  view f a c t o r  t o  t h e  s u n l i t  sur face .  

*** 
An e f f e c t i v e  va lue  f o r  t h e  b lack  sky view f a c t o r  of 0 . 4 1 8  

w a s  used, i n  agreement w i t h  Equation (1): 



TABLE I1 

S-13G thermal p a i n t  
so 1 a r  cel l  
kovar (pa in ted)  
s o l a r  panel (back) 
rock 
d u s t  

G-10 f i b e r g l a s ,  
nylon 
Vespel 
aluminum 
kovar 
n i cke l  

Constants used i n  Thermal Analysis 

a b s o r p t i v i t y  a emiss iv i ty  E conduct iv i tk  
k mW/rn-kelvin 

0.288 0.885 350 

0 . 8 1  0.83 

0.90 0.90 

0.3 0.3 

1.0 1.0 

1.0 1.0 

350 

380 

116,800 

29 7 0 0  

62,300- 

i 
I 

0 = 5 . 6 7 0 ~ 1 0 - ~  W/m2 - K 4 Stefan-Boltzmann cons tan t  
r e f l e c t a n c e  of luna r  su r face  p = 0.076 
sun dec l ina t ion  degrees 1 .3  - 0.022 (DAY-200) 
Apollo 11 lonqi tude,  l a t i t u d e  23O.48, + OO.663 

r 1  
1 

I 

). . . .! 



TABLE I11 

Theore t ica l  Lunar Surface Brightness Temperatures, 
i n  degrees Kelvin, f o r  s e l e c t e d  values  of t h e  Sun 
Elevat ion Angle and t h e  Thermal Parameter y = (kpc) 

i n  cm sec kelvin/g-cal.  

-1 /2 

2 

244  K 
29 2 

3 2 2  

385  

324  

295  

250 

1 3 0  

1 1 2  

88  

80 

? "  

i 

+ 

.. 1.- 

i 

i 

Sun Elevat ion Lambert 
degrees Temperature , 

1 0  

20 

30  

9 0  

1 5 0  

1 6 0  

1 7 0  

1 8 0  

1 9 0  

270 

360 

244  K 

289 

318 

37 8 

3 1 8  

289 

244  

T h e r m a l  Parameter y i 
T 
2 2 8  K 

284 

317  

383  

324  

2 9 7  

2 5 7  

1 8 3  

1 6 5  

1 3 3  

1 2 2  

L2uL 
236 K 

2 89 

320 

3 84 

324 

295  

253 

1 6 1  

1 4 3  

1 1 4  

1 0 4  

750 
240 K 

2 9 1  

3 2 1  

384  

324  

295 

252  

1 4 9  

1 3 1  

1 0 4  

9 4  



IO x 20 mm SOLAR CELLS 

Ni THERMOMETER 

FIGURE 1- DUST, THERMAL, AND RADIATION ENGINEERING MEASUREMENT PACKAGE (DTREM I )  
AS ON EASEP/APOLLO 11 AND ON ALSEP OF APOLLO 14 AND 15. 
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S 136 PAINT AS ON STRUCTURE 

FIGURE 2 - DTREM 1 AS ON EASEP OR APOLLO 11. (DUST, THERMAL AND RADIATION ENGINEERING 
MEASUREMENT OR MODIFIED DUST DETECTOR EXPERIMENT). THERMAL DETAILS 
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DTREM 1 GEOMETRY 
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FIGURE 7 - FIBERGLASS NICKEL RESISTANCE THERMOMETER, 
EXPLODED VIEW. (EPOXY BINDER NOT SHOWN) 
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FIGURE 8 - THERMOMETER SCHEMATIC CIRCUIT DIAGRAM (ALL PRECISION 
RESISTANCES <25 ppm kelvin) 
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FIGURE 9 -GEOMETRIC VIEW FACTOR F ~ i s  FOR THE THERMAL RADIATION CALCULATION 
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FIGURE I O -  CALCULATED HEAT LEAKS USED IN THE DATA REDUCTION (SEE EQUATION 1). 
4 THE LUNAR SURFACE HEAT INPUT IS CNiFNiSCSuTS 
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FIGURE 11 - LUNAR SURFACE BRIGHTNESS TEMPERATURE 1) INFERRED FROM APOLLO 11 DATA 

THE LAMBERT TEMPERATURE IS [(I - p  I s sin4/u1’ ’~ 


